Oxides of xZnO(100 ¹ x)GeO 2 (x = 0, 25, 50, 66.7, 75 and 100 mol %) were produced mainly by solgel method. Their XRD patterns show that there exist hexagonal ZnO (wurtzite), rhombohedral Zn 2 GeO 4 , and hexagonal GeO 2 (¡-quartz type). All the oxides showed second harmonic generation (SHG) green emission peaking around 532 nm with luminance of about 0.05 1.20 cd·m ¹2 when irradiated with an Nd:YAG pulsed laser of 1064 nm. The more the amount of hexagonal ZnO or hexagonal GeO 2 increased, the more the SHG emission intensity increased. Both of hexagonal ZnO and hexagonal GeO 2 do not have centrosymmetry and cause SHG, while rhombohedral Zn 2 GeO 4 has centrosymmetry and does not. Therefore, the SHG emission intensity was changed with the amounts of these ZnO and GeO 2 crystals.
Introduction
There has been great interest in the development of new nonlinear optical materials for potential applications in electrooptic and integrated optical devices. Second-order nonlinear optical materials are generally used to wavelength conversion materials. 1) Those materials that have optical absorption edge and high second-order nonlinear susceptibility in the short wavelength (ultraviolet) region, have been investigated in order to enhance wavelength conversion efficiency and broaden conversion wavelength toward shorter wavelengths.
When nonlinear optical materials are polycrystalline, visible SHG light can be seen by light scattering, leading these materials to visible fluorescent materials. Such materials have potential application to a visible optical display board which may be used to near-infrared laser microscope imaging, if polycrystalline SHG materials can emit visible light of 440 to 700 nm when irradiated by near-infrared laser light of 880 to 1400 nm.
In ZnO thin films (hexagonal, wurtzite) fabricated on Al 2 O 3 by metalorganic chemical vapor deposition, the second-order susceptibility d zzz = 4.6 pm·V ¹1 = 1.1 © 10 ¹8 esu has been reported. 2) For nanocrystalline ZnO films (wurtzite) deposited on LiNbO 3 single crystals by RF-magnetron sputtering, d zzz = 6.45 pm·V ¹1 = 1.6 © 10 ¹8 esu has been obtained. 3) In ZnO microcrystalline thin films self-assembled on sapphire substrates by laser molecular beam epitaxy, the extremely large second-order susceptibility components have been reported: d 333 (=d 33 ) = ¹83.7 pm·V ¹1 (its absolute value corresponds to 2.0 © 10 ¹7 esu), d 113 (=d 15 ) = 15.2 pm·V ¹1 = 3.6 © 10 ¹8 esu, and d 311 (=d 31 ) = 14.7 pm·V ¹1 = 3.5 © 10 ¹8 esu. 4) For hexagonal GeO 2 (¡-quartz type), a value of d 11 (=d 111 ) has been calculated to be ¹1.456 pm·V ¹1 (its absolute value corresponds to 3.5 © 10 ¹9 esu). 5) As for ZnOGeO 2 systems, we have already reported that under UV irradiation, Mn 2+ doped ZnOGeO 2 glass ceramics showed 535-nm green luminescence, which is due to the 4 T 1 ¼ 6 A 1 transition of Mn 2+ ions incorporated in Zn 2 GeO 4 polycrystals. 6) Mn 2+ and Eu 3+ co-doped ZnOGeO 2 glasses and glass ceramics showed Mn 2+ green afterglow lasting for more than 60 min, where Eu 3+ ions may behave as electron trapping centers. 7) In the present study, we prepared oxides of xZnO(100 ¹ x)-GeO 2 (x = 0, 25, 50, 66.7, 75 and 100 mol %) to obtain visible SHG emission light and investigated the influence of the amounts of ZnO, Zn 2 GeO 4 , and GeO 2 on the SHG emission intensity.
Experimental
Oxides of xZnO(100 ¹ x)GeO 2 (x = 0, 25, 50, 66.7, 75 and 100 mol %) were produced by solgel method except for the oxide with x = 100 mol %. Each of Zn(NO 3 ) 2 ·6H 2 O and Ge-(OC 2 H 5 ) 4 (TEOG) was dissolved into a mixed solvent of ethanol, 1-butanol, and water to obtain two solutions. Then, except for the oxide with x = 0 mol %, the zinc nitrate solution was added to the TEOG solution while stirring vigorously, and the mixed solution was stirred for 90 min. Then the TEOG solution (for x = 0 mol %) and the mixed solutions (for x = 25, 50, 66.7, and 75 mol %) were dried at 70°C for 2 weeks and at 100°C for 1 week to obtain dried gels. The dried gels were heat treated at 500°C for 1 h to obtain powder samples. To prepare the oxide with x = 100 mol %, namely ZnO, Zn(NO 3 ) 2 ·6H 2 O was dissolved into a mixed solvent of ethanol, 1-butanol, and water with stirring for 90 min. Then the solution was dried at 70°C for 2 weeks and at 100°C for 1 week, followed by heat treatment at 500°C for 1 h to obtain powder samples. All of the powder samples were pressed at 40 kgf·cm ¹2 to obtain a pellet (10 mm º, 3 mm thick), followed by being heat treated at 1000°C for 1 h in the air.
X-ray diffraction (XRD) measurement using Cu K ¡ radiation was performed with an instrument (Rigaku, RINT-2200) after pulverization of the pellet. SHG emission spectra were obtained using a luminance meter (TOPCON, SR-UL1R) when the pellet was irradiated with an Nd:YAG pulsed laser of 1064 nm (Spectron, SL454 G-10, SN2802, 300 mW).
Results and discussion
XRD patterns of xZnO(100 ¹ x)GeO 2 are shown in Fig. 1 . Depending on the x values, hexagonal GeO 2 (¡-quartz type), rhombohedral Zn 2 GeO 4 , and hexagonal ZnO (wurtzite) were observed. Figure 2 shows composition (mol %) of GeO 2 , Zn 2 GeO 4 , and ZnO for each x value, which was evaluated from XRD peak intensities of GeO 2 (101), Zn 2 GeO 4 (410), and ZnO (101) as shown in Fig. 1 . When the x value increased from 0 to 100 mol %, first GeO 2 , then Zn 2 GeO 4 , and finally ZnO predominated.
The oxides emitted green light when irradiated with an Nd: YAG pulsed laser of 1064 nm; a typical spectrum is shown in inset in Fig. 3 . All samples showed green emission peaks around 532 nm. These peaks are considered to be due to SHG. The SHG emission intensity (luminance) was changed with the x value as shown in Fig. 3 ; when the x value increased from 0 to 50 mol %, the luminance decreased to a minimum value of about 0.05 cd·m ¹2 , and then it increased to a maximum value of about 1.20 cd·m ¹2 at x = 100 mol %.
Comparing Fig. 3 with Fig. 2 , the more the luminance increases, the more the amount of hexagonal ZnO or hexagonal GeO 2 increases, and the luminance decreases as the amount of rhombohedral Zn 2 GeO 4 increases. This is because hexagonal ZnO and hexagonal GeO 2 show SHG as described above, while rhombohedral Zn 2 GeO 4 has centrosymmetry and does not cause SHG.
The above mentioned second-order nonlinear susceptibilities of ZnO are larger than the susceptibility of GeO 2 . In the present study, the SHG emission intensity of ZnO is found to be about 6.5 times that of GeO 2 .
These easily-produced polycrystalline SHG oxides may be useful for optical materials such as wavelength-conversion materials and visible display boards.
Conclusion
Oxides of xZnO(100 ¹ x)GeO 2 (x = 0, 25, 50, 66.7, 75 and 100 mol %) were produced mainly by the solgel method. Their XRD patterns show that there exist hexagonal ZnO (wurtzite), rhombohedral Zn 2 GeO 4 , and hexagonal GeO 2 (¡-quartz type). All the oxides showed green emission peaks around 532 nm with luminance of about 0.051.20 cd·m ¹2 when irradiated with an Nd:YAG pulsed laser of 1064 nm. These peaks are believed to be due to SHG. The more the amount of hexagonal ZnO or hexagonal GeO 2 increased, the more the SHG emission intensity increased, while as the amount of rhombohedral Zn 2 GeO 4 increased, the intensity decreased. These easily-produced polycrystalline SHG oxides may be useful for optical materials such as wavelength-conversion materials and visible display boards. 
